The Ca2+ transport process by isolated renal brush-border membranes was characterized and the influence of the acidic phospholipid phosphatidic acid (PtdA) on this transport process was assessed. Ca2+ uptake by brush-border membranes exhibited saturation kinetics. It was inhibitable by a variety of multivalent cations, as well as by Ca2+-entry inhibitors, including verapamil, Ruthenium Red and gentamicin. It was selective for Ca2+ compared with Mg2+. This process was also electrophoretic since generation of K+ and anion-diffusion potentials, negative inside the vesicle, increased Ca2+ uptake. Elevations in PtdA content of brush-border membranes by either exogenous addition or endogenous generation of PtdA by incubating brush-border membranes with MgATP2-elevated the rate of Ca2+ uptake. This ATP effect could not be attributed to (Ca2+ + Mg2+)-dependent ATPase or contaminating membrane fragments. PtdA also increased the magnitude and rate of Ca2+ effiux from brush-border membranes preloaded with Ca2+. These modulations in uptake and efflux were not observed with phosphatidylcholine or phosphatidylinositol. In summary, these results are consistent with the presence of an electrophoretic uniport system for Ca2+ in renal brush-border membranes, and demonstrate that PtdA uniquely among phospholipids tested appears to facilitate transmembrane flux of Ca2+ across this membrane preparation.
Alterations in the metabolism of the acidic phospholipids, PtdA and Ptdlns, occur in a variety of tissues simultaneously with hormone-and neurotransmitter-induced elevations in cellular Ca2+ influx (Michell et al., 1977) . Since these alterations are characterized by the breakdown of membrane PtdIns and formation of PtdA, PtdA has been suggested to directly promote Ca2+ translocation across the plasma membrane of the stimulated cell. In this regard, PtdA has been suggested to act as a Ca2+ ionophore in simple solvent systems (Tyson et al., 1976; Putney et al., 1980) , multilamellar liposomes (Serhan et al., 1981 (Serhan et al., , 1982 , sarcoplasmic-reticulum vesicles (Limas, 1980) , nerve terminals (Harris et al., 1981) and intact-cell and tissue preparations (Putney et al., 1980; Salmon & Honeyman, 1980; Ohsako & Teguchi, 1981) . This PtdIns/PtdA response may thus be a mechanism by messenger.
Parathyroid hormone has been demonstrated to increase the content of PtdA in renal cortex and renal brush-border membranes (Farese et al., 1980; Meltzer et al., 1982; Hruska et al., 1982) . Although cyclic AMP has been considered to be the intracellular second messenger for parathyrin (parathyroid hormone) action on the renal tubular cell (Aurbuch & Chase, 1976) , there is evidence to suggest that many parathyrin effects on the kidney are Ca2+-dependent (Puschett, 1982; Rasmussen, 1981; McKeown, 1981; Amiel et al., 1976) . The present series of experiments was undertaken to characterize the Ca2+-uptake process of isolated renal brush-border membranes and to determine whether PtdA could increase transmembrane Ca2+ flux across brush-border membranes, as it appears to in a variety of other membrane systems, thereby providing insight into a biochemical process by which parathyrin may produce an alteration in Ca2+ metabolism of the proximal renal tubule cell.
Methods

Membrane isolation
Brush-border membranes were prepared from homogenized renal cortex by a procedure identical with that described previously from our laboratory (Sastrasinh et al., 1982a) , except that for the precipitation step lOmM-MgCl2 was used instead of CaCl2. Enzyme activities to assess purity of the brush-border-membrane preparation were also determined by methods described in detail elsewhere (Sastrasinh et al., 1982a; Knauss et al., 1983) . The brush-border-membrane/homogenate average ratio for the brush-border-membrane marker enzyme alkaline phosphatase was 10.0, for the lysosomal marker enzyme N-acetyl-fi-D-glucosaminidase was 0.4, for the endoplasmic-reticulum marker enzyme NADPH-cytochrqme c reductase was 0.1, for the mitochondrial membrane marker enzyme cytochrome c oxidase was <0.05, the minimal detectable level by our assay, and for the basolateral membrane marker enzyme (Na+ + K+)-dependent ATPase was 2.0. These ratios are similar to previous reports and indicate substantial purity of the brush-border membrane fraction (Booth & Kenny, 1974; Kempson & Dousa, 1979; Sastrasinh et al., 1982a; Knauss et al., 1983 To assess the modulation of 45Ca2+ uptake by phospholipids, brush-border membranes were isolated and pre-incubated with 250,uM-PtdA, -PtdIns and -PtdCho for 10min at 250C in the standard incubation buffer. The suspensions were then centrifuged and the pellets washed and resuspended in standard buffer. 4SCa2+ uptake was then measured in these treated vesicles.
The effect of ATP on Ca2+ uptake by brushborder membranes was assessed. Immediately after isolation, brush-border membranes were added to an incubation solution containing 200 mM-mannitol, 25 mM-Tris/Hepes, pH 7.4, 5 mM-MgCl2, 5 mM-ATP and 0.1 mM-45CaC12. 45Ca2+ uptake was measured for various time intervals at 25 0C.
Na+-dependent D-glucose uptake was assessed by the Millipore filtration technique. Uptake was initiated by adding 50,1 of brush-border membrane suspension containing between 200 and 300,ug of protein in 150,u1 of an uptake buffer consisting of 100mM-mannitol, 50pM-NaCl, 5 mM-Tris/Hepes, pH 7.4, and 50mM-[V4C]glucose. Equilibrated uptake was determined after an incubation time of 90min at 25 0C. The uptake of D-glucose was terminated by adding 1 ml of ice-cold stop solution containing 100 mM-NaCl, 1 mM-phlorizin, a specific inhibitor of the D-glucose transport system, and 1 mM-Tris/ Hepes, pH 7.4, and immediately poured on prewetted 0.45,um Millipore filters (HAWP). Brushborder membranes on the filters were washed twice with 4 ml of ice-cold rinse solution containing 154 mM-NaCl and 1 mM-Tris/Hepes, pH 7.4. The filters were dissolved in 10 ml of Aquasol and counted for radioactivity with a liquid-scintillation counter.
Ca2+ binding to brush-border membranes
Brush-border membranes (approx. 200,g of protein) were added to an assay solution consisting of 200 mM-mannitol, 25 mM-Tris/Hepes, pH 7.4, and various concentrations of 45CaCl2 with or without a 1000-fold excess of 40CaCl2. Inasmuch as 45Ca2+ uptake by brush-border membranes approached a steady state after incubation for 60min at 250C, all binding studies were carried out at 60min at 250C. Incubation was abruptly stopped by diluting the brush-border membrane suspension 10-fold in 2 ml of ice-cold stop solution containing 200mM-mannitol, 25 mM-Tris/Hejpes, pH 7.4, and 1 mM-EGTA.
Separation of membrane bound from the non-bound radioligand was accomplished by the Millipore filtration technique. Brush-border membranes on the filters were washed with 4 ml of ice-cold stop solution, and the radioactivity remaining on the filters was counted by liquid scintillation. Total radioactivity minus radioactivity obtained in the presence of a 1000-fold excess of unlabelled Ca2+ was used to define specific uptake of Ca2+ by brush-border membranes. Because brush-border membranes spontaneously reseal into vesicles, a portion of the radioligand associated with brush-1983 border membranes will be unbound and free in the intravesicular space. An estimate for this unbound 45Ca2+ associated with brush-border membranes at equilibrium can be derived from multiplying the Ca2+ concentration of the incubation solution and the intravesicular volume. The intravesicular volume was estimated by measuring the equilibrated uptake of ['4C]glucose (Aronson & Sacktor, 1975) (Reed & Bygrave, 1975) . The Ca2+ activity of the resulting solution was measured directly using a Ca2+ selective electrode (Radiometer model F211lCa) as described in a previous report from our laboratory (Sastrasinh et al., 1982b) . Curvilinear Scatchard plots were analysed by the method of Priore & Rosenthal (1976) . Efflux studies Brush-border membranes were pretreated with various phospholipids as described previously. The treated brush-border membranes were preloaded with 45Ca2+ by incubation in the standard incubation buffer containing 0.1 mM-45CaC12 at 40C for 60min. This temperature and this time interval were chosen after prelimininary studies demonstrated that this procedure maximized 45Ca2+ uptake but minimized the difference in 45Ca2+ uptake between phospholipidtreated brush-border membranes and sham-control-treated brush-border membranes. Efflux of Ca2+ was initiated by diluting the brush-border membranes preloaded with 45Ca2+ 10-fold into an incubation solution containing 200 mM-mannitol, 25 mM-Tris/Hepes, pH 7.4, and 1 mM-EGTA. At various time intervals, 45Ca2+ efflux was immediately stopped by diluting the brush-border membranes in the standard EGTA-quench solution, followed by the usual filtration and washing steps.
[y-32P1A TP labelling and measurement of brushborder-membrane phospholipids Brush-border membranes were isolated and placed in the standard incubation buffer but also containing 5 mM-MgCl2 and 5 mM-[y-32P]ATP. After 15 min of incubation, sUispensions of brush-border membranes (approx. 4 mg of protein) were extracted, separated and measured by procedures described in detail in previous reports from our laboratory (Sastrasinh et al., 1982a; Knauss et al., 1983 Uptake studies Fig. 2 displays the initial velocity of Ca2+ uptake by brush-border membranes with increasing Ca2+ concentration, as defined by Ca2+ uptake in the first 20s, which was the shortest time interval in which consistently reproducible uptakes were obtained. Because of a complex relationship between initial velocity and Ca2+ concentration at low Ca2+ concentrations, it was not possible to rigorously define the Km values in this system, but, from graphical analysis of the substrate-velocity curve, the Ca2+ concentration at which the initial rate was half-maximal, K0 .5was found to be 0.825 mM with a Vmax of 2.7 nmol of Ca2+/mg of protein per min.
To test if this transport process is electrophoretic, Ca2+ uptake by these vesicles was determined in the presence or absence of a K+ diffusion potential. As can be seen in Fig. 3 , the generation of a K+ diffusion potential, negative inside, across the membrane significantly increased Ca2+ uptake compared with control conditions where no potential existed. The generation of a negative potential inside the membrane vesicle, therefore, increased the rate of Ca2+ uptake, suggesting that the translocation of Ca2+ across the membrane is electrophoretic.
Further support for the electrophoretic nature of this Ca2+ transport process was provided by develop diffusion potentials, negative inside, are SCN-> NOR> S042- (Gamble & Lehninger, 1973) . As shown in Fig. 4 , the action of these anions to increase Ca2+ uptake displayed a similar relationship, suggesting once more that Ca2+ flux across the vesicle membrane is electrophoretic.
To determine the specificity of the Ca2+ transport process, the effects of various cations on brushborder-membrane uptake of Ca2+ were assessed and are displayed in Fig. 5 (Fig. 6) Effect ofA TP on Ca2+ uptake Because 1,2-diacylglycerol kinase, which converts 1,2-diacylglycerol into PtdA in the presence of ATP, is a membrane-bound enzyme (Michell, 1975) , an attempt to increase the PtdA content of brushborder membranes without exogenous administration of the phospholipid was made by incubating brush-border membranes with ATP. This incubation with ATP resulted in the synthesis of PtdA, as well as phosphatidylinositol monophosphate and phosphatidylinositol bisphosphate, within brushborder membranes as demonstrated by isotopic labelling of these phospholipids when [y-32P1ATP was included in the incubation medium (Fig. 9) . This increase in synthesis of these phospholipids was associated witL a significant increase in Ca2+ uptake by brush-border membranes compared with control conditions without ATP (Fig. 10) . The effects during early time intervals, however, were substantially smaller than at later time intervals. However, if brush-border membranes were not used within 15min of isolation, the ability of ATP to phosphorylate these lipids and to increase Ca2+ uptake was lost. This increase in Ca2+ uptake appeared not to be due to a (Ca2+ + Mg2+)-dependent ATPase, since the addition of the Ca2+ ionophore A23187 (lOug/ml) at 20 and 60min of incubation did not decrease the 1983 number of ATPases, did not diminish the effect of ATP to increase Cal+ uptake by brush-border membranes (results not shown). Furthermore, this Ca2+ uptake was not due to mitochondrial contamination of the membrane preparation, since 4SCa2+ uptake in control preparations was not inhibitable by addition of both oligomycin (5,ug/ml), an inhibitor of the mitochondrial ATPase, and antimycin (0.8,g/ml), an inhibitor of the mitochondrial electron transport chain, to the incubation buffer (results not shown).
Discussion
The initial and probably rate-limiting step in transepithelial transport of Ca2+ across both intestinal and renal proximal epithelia occurs at the luminal brush-border membrane (Martin & DeLuca, 1969; Adams et al., 1970) . The characterization of this initial transport process is thus important in understanding the mechanism of directional Ca2+ transport across transporting epithelium. Furthermore, insight into the manner in which PtdA may modulate this Ca2+ transport step provides further understanding of a possible pathway by which hormones, in general, and parathyrin, in particular, may promote an increase in plasma-membrane permeability to Ca2+. A major difficulty in characterizing the Ca2+ transport process across isolated vesicular membrane systems is the existence of multiple Ca2+ pools associated with the membranes. In this regard, Ca2+ may bind both to external and internal membrane sites as well as being free within the intravesicular space. Since only the internal fraction is relevant to kinetic studies of Ca2+ transport, methods were employed in the present study to displace Ca2+ from external membrane binding sites. Similar to methods employed for the study of mitochondrial Ca2+ transport (Reed & Bygrave, 1975) , Ca2+ transport in brush-border membranes was assessed by the use of 45Ca2+, a rapid filtration step to separate the vesicles from the incubation media, a step to quench rapidly the transport process by using a stop solution containing 1 mM EGTA and a step to remove externally membrane-bound Ca2+ by washing brushborder membranes with solutions containing 1 mm-EGTA. The Ca2+ remaining with the brush-border membranes thereby represents Ca2+ that is either bound to internal membrane sites or is free in the intravesicular space. Attempts have been made to discriminate further between these two remaining Ca2+ pools (Gmaj et al., 1979; Rasmussen et al., 1979) , since the internally bound pool has been suggested not to represent transmembrane cation transport as defined by movement of an ion from one aqueous compartment to another. In this regard, characterization of Ca2+ binding to internal memVol. 214 amount of 45Ca2+ associated with brush-border membranes and the incubation of brush-border membranes with vanadate (100pEM), an inhibitor of a brane sites in the present study demonstrated that Ca2+ binds to at least two distinct sites with Kd values of 13 UM and 1.5 mm, values far in excess of the normal free cytosolic activity, which has been estimated to be less than 0.5#M (Murphy et al., 1980 brush-border membranes are comparable with those that are effective in other membrane systems, the magnitude of their effects in brush-border membranes are small compared with the near complete inhibition some of these compounds have on other Ca2+ transport processes that have been shown to be inhibitable by these agents with high specificity, for example, the mitochondrial Ca2+ transporter for Ruthenium Red and the slow Ca2+ channel of myocardial cells for verapamil (Reed & Bygrave, 1974; Bayer et al., 1975) . The reason for this difference probably resides in the manner by which these compounds inhibit Ca2+ uptake by brushborder membranes. Rather than being specific inhibitors of this brush-border membrane transport process for Ca2+, these agents displace Ca2+ from membrane binding sites (Reed & Bygrave, 1974; Lodhi et al., 1976) , resulting in a small but demonstrable inhibitory effect on Ca2+ uptake. This Ca2+ transport process was electrophoretic. (Miller & Bronner, 1981) .
The present experiments also demonstrate that elevations in PtdA content of brush-border membranes by either exogenous addition or endogenous generation of newly synthesized PtdA was associated with increases in Ca2+ uptake by brushborder membranes. Endogenous synthesis of PtdA was achieved by incubating isolated brush-border membranes in a solution containing ATP and Mg2+. Since 1,2-diacylglycerol kinase, which converts 1,2-diacylglycerol into PtdA in the presence of ATP, is a membrane-bound enzyme (Michell, 1975 At the concentrations of Ca2+ used in these experiments, the increase in brush-border membrane Ca2+ uptake after exogenous or endogenous increases in brush-border membrane PtdA content was predominantly due to internal membrane binding, thereby demonstrating the ability of PtdA to mediate Ca2+ transfer from membrane exterior to membrane interior sites. Since PtdA has an apparent stability constant of 1.6 x 104M-1 for Ca2+ (Abramson et al., 1966) aqueous compartment to another, 45Ca2+ efflux studies were carried out in brush-border membranes preloaded with 43Ca2+ and diluted into a solution containing EGTA. Since EGTA has an apparent association constant for Ca2+ of less than 2 x 106 M-1 (Bers, 1982) , Ca2+ that has migrated from the vesicle interior to external binding sites will be chelated to EGTA present in large excess in the incubation solution and effectively removed from the membrane, so that under these conditions Ca2+ efflux most likely represents transmembrane transport of Ca2 . In this regard, PtdA pretreatment of brush-border membranes increased both the magnitude and rate of Ca2+ transport across the preloaded vesicle compared with sham-control preparations. Furthermore, PtdA was unique among the phospholipids tested to increase Ca2+ efflux; Ptdlns and PtdCho did not increase Ca2+ efflux above control levels.
These studies indicate an important influence of PtdA on Ca2+ uptake by renal brush-border membranes. The uptake studies demonstrate a significant effect of an increase in PtdA membrane content to augment the capacity for Ca2+ uptake by these vesicles, most likely by increasing membrane binding sites for Ca2 . Initial rates for 45Ca2+ uptake by brush-border membranes after exogenous or endogenous addition of PtdA were slightly, but not significantly, increased above control values, arguing against a calcium ionophoric role for PtdA. Only at later time intervals did 45Ca2+ uptake by treated vesicles become significantly higher than control. A previous report has suggested that early uptake rates reflect primarily membrane binding events, whereas later rates assess transmembrane flux (Rasmussen et al., 1979) , so that the significantly greater 45Ca2+ uptake rates in treated brush-border membranes compared with control preparations at later time intervals may still reflect an ionophoric capability for PtdA. In summary, these studies demonstrate that Ca2+ transport by brush-border membranes is saturable, highly specific for Ca2+ and is influenced substantially by transmembrane potential. They also suggest that PtdA may modulate Ca2+ transport in brush-border membranes, perhaps by facilitating transmembrane flux. Further studies are undoubtedly required to determine the precise role of PtdA in Ca2+ transport by renal brush-border mem- 
